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Abstract__. Biomass burning is influencing the atmospheric 
chemistry b emitting large mounts of reactive species uch 
as hydrocarbons, organic acids and nitrogen compounds 
[Andreae et al., 1988]. Polar ice cores provide a unique 
record of precipitation whose chemistry reflects the 
•ospheric composition at the time of deposition. The 
•alysis of such ice samples therefore allows an estimate to 
be made of the concentration ofatmospheric mpurities in the 
past. During the fzrst season of the deep drill operation 
(GRIP) at Summit, Central Greenland (72 ø 34' N, 37 ø 38'W) 
continuous ammonium (NH4*) measurements were performed 
be•een 100 and 600 m depth covering the time period from 
330 to 2500 years B.P. The NH[ concentrations how 
'seasonal variations between 1-20 ng.g 4 with some sporadic 
high values up to 600 ng.g 4 in narrow layers. The chemical 
fingerprint points to biomass burning causing the high 
ammonium peaks. 
Sampling and measurements 
A continuous NH4* profile was obtained by using a 
continuous melting technique [Stauffer et al., 1988] combined 
•th a fluorescence d tector [Genfa and Dasgupta, 1989] 
providing a spatial resolution of about 1 cm.'The continuous 
;•g_h resolution ammonium measurements, performed 
".mediafly after core recovery allowed us to choose specific 
core sections for comprehensive chemical studies. inorganic 
(Na*, NHf, K*, Ca •, Mg**, F, Cl', NO3' and SO4") and 
organic (formate : HCOO', acetate : CH3COO', 
methanesulfonate: CH3SO•' and oxalate: C204-) ions were 
measured directly in the field by ion chromatography 
•onex 4500) on discrete samples of 5 cm length. Artion 
determination was performed using an AS5 separator column 
•d a gradient pump system [Legrand etal., in press]. 
Extended investigations f organic ons to separate glycolate 
(½ffI303') have been performed using an Omnipax 500 
separator column. Cation measurements were performed 
m'mg analytical methods and working conditions described 
e•where [Saigne etal., 1987]. Each ice sample was cleaned 
mechanically in the field immediately after drilling and was 
Bred before the measurement i  airtight glass bottles in 
ordex tominimize possible contamination. 
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Results and discussion 
The 500 m long continuous NH4 + profile contains more 
than 100 peaks howing concentrations higher than 100 ng.g 4
in contrast to the background range of 1 to 20 ng.g 4. 
Detailed analyses were performed on 10 ice core sections 
containing events exhibiting NH4 + levels higher than 100 
ng.g 4. The selected sections cover the whole range of NH4 +
concentrations i cluding two of the 5 highest. Two examples 
are shown in Figure 1. The continuous analysis and the 
discrete measurements of NH4* are in good agreement taking 
into account the different spatial resolution of the two sets of 
measurements. Figure 1 shows that the NH4 + spikes coincide 
with clearly elevated levels of formate, acetate, oxalate and 
glycolate. Such coincident increases in the levels of organic 
species with levels of NH4 + are also found in all 10 ice core 
sections that were examined (these results are not reported 
here). The NH4* spikes coincide with lows in sodium 
concentration in all examined ice core sections which 
indicates that the NH4* events occured during summer 
precipitation since Na levels are a mirdmm in summer 
[Mayewski etal., 1987]. 
Figure 2 shows the NI• + and HCOO' concentration of all 
measured samples along the !0 studied ice core sections. For 
NH[ levels higher than 20 ng.g 4, an enhancement of formate 
above its background level (7 to 15 ng.g 4) with a 
NH•*/HCOO' molar ratio close to one was observed. The 
others organic ions are also clearly enhanced but their 
contribution to the ionic budget remains small as shown 
Figure !. 
Unlike with NH4*, a continuous highly •lved record of 
organic acids and sodium are not available due to analytical 
limitations. Nevertheless, all the NH4 + peaks that we have 
analysed are accompanied by an increase of organic acid 
level and occur in summer. 
The recorded ammonium peaks are very sharp, the width of 
the peak is given by the limitation of the spatial resolution of 
the continuous measuring system. For the Summit core the 
resolution of 1 cm corresponds roughly to 10% of the yearly 
accumulation. The perturbation i  the ammonium and organic 
acid content is therefore limited to a single or a few 
consecutive precipitation events and the time between them. 
Because both the concentration and the chemical 
compositions are heavily disturbed, these changes have to be 
associated with corresponding changes of the atmospheric 
composition over Greenland. 
Ammonium will be emitted originally as NH•, whereas the 
organic acids are emitted directly and are also produced in 
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the atmosphere by oxidation of hydrocarbons. The 
ammonium peaks in the Summit core must be caused by a 
source which emits ammonia, organic acids and or 
hydrocarbons on a time scale of days to a month. 
Additionally, the emissions must occur in such a way, that 
they have the possibility to reach Greenland, therefore low 
level and low intensity sources uch as excrements from wild 
animals or emissions from soils can be ruled out. Only 
biomass burning, and more specifically large forest fires, 
satisfy the above mentionned conditions. Plumes from forest 
fires have enough energy, that they can extend to the free 
troposphere where they can be efficiently transported over 
large distances. 
Estimates of the contribution of NHs from biomass burning 
to the total natural emissions ranges from 10% to 80% [Hegg 
eta!., 1988; Warneck, 1988; Bottger et al., 1981]. During 
the time of an active forest fire, it is very likely that these 
NHs emissions clearly dominate all other sources. It is 
therefore our hypothesis, that the observed ammonium peaks 
in the Summit ice are caused by biomass burning. Indeed, the 
chemical composition of biomass burning plumes shows 
(ng.g-1)•øø/ •., ,' / ,., ...... , , , •oo (p. Eq/I) 
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Fig. 1 : Chemical perturbations observed along two NH•* 
events recorded by FIA measurements (continuous line) at 
238 and 525 m depth corresponding to 930 and 2200 years 
B P respectively at Summit. 
strong enhancement of the level of NH4 + and of various 
organic species including organic acids [Andreae etal., 
!988]. In particular, the presence of dicarboxylate as oxalale 
in the remote atmosphere isstrong evidence of a combustion 
process at the source [Baudet et al., 1990]. 
Intensive studies of such plumes were carded out in the 
Amazon basin [Jacob et al., in press] and in the North 
American part of the Arctic during the NASA GTE ABLE 
2A project [Talbot et al., in press]. These measurements 
showed not only an enhancement of formic acid and 
ammonium but also of acetic acid and nitric acid or nitrate 
respectively. There are clear deviations in the chemical 
composition of snow layers exhibiting ammonium peaks 
compared to the chemical fingerprint of plumes of high 
latitudes forest fires [Talbot eta!., in press]. Formate is 10 to 
100 times more abundant han acetate and nitrate shows n0 
enhancement in the ice (Figure 1). Changes in the chemical 
signature of the emitted mixture of biomass burning will 
occur during the transport, during the scavenging processes 
and eventually after deposition at the snow surface. During 
long range transport larger amounts of formic than acetic 
acid are produced during the oxidation of various 
hydrocarbons [Jacob and Wofsy, 1988] , shifting the ratio 
systematically toward formic acid. Post alepositional 
redistribution and losses of volatile organic compounds such 
as HCHO have been reported [Staffelbach eta!., 1991]. 
Losses of acetate have also been observed in the subsurface 
snow layers at Summit and it is likely that the preservation 
of acetate in the snow is not as good as for formate. 
The vapor pressure of ammonium formate is much higher 
than the vapor pressure of ammonium nitrate. It is therefore 
possible that nitrate is washed out effectively because it stays 
in the aerosol form, whereas ammonia and formic acid can 
survive in the gas phase during the transport of the air 
masses to Greenland. For present day conditions, the large 
amount of anthropogenic emitted SO2 causes a rapid 
conversion into the stable ammonium sulfate which might 








---40 ø -- 
--20 •,...• ß 
-- 0 50 100 
o 500 
Formate (ng.g-') 
Fig. 2- NH4* and HCOO' content observed along ten ice co• 
sections which exhibit ammonium peaks. For ammonium 
content exceeding 20ng.g-1, the calculated slope of .the 
regression l ne(0.43) is close to the NH//HCO0' molar rati0 
(0.40). 
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the Greenland ice cap in form of ammonium formate. It is 
therefore likely that larger forest fires which occured in the 
last decades will not leave their traces in the snow of 
Greenland. 
Finally the question has to be addressed whether forest fires 
have the potential to cause the observed perturbation in the 
ammonium concentration in the Greenland ice. The NASA 
GTE ABLE 3A project [Talbot etal., in press] revealed 
enhancements of NH4 + in a 1-2 days. old plumes by a factor 
of 6 compared to the measured present day background 
concentration in the Northern American Arctic and by a 
factor of 10 compared to concentrations measured at the 
atmospheric camp (ATM) in Summit in the summers of 1989 
and 1990. These factors are of the same order of magnitude 
as the ratio of the NH4 + peaks to the summer background 
values in'the ice. 
The ammonium peaks at 238 meters below surface e.g. 
corresponds to aNH•* deposition of approximately 18 x 10 '6 
kg/m 2,assuming a peak concentration f 600 ng.g 4 and a 
half width of 3 cm water equivalent. An area of roughly 
15,000 x 400 km 2 would be covered, if it is assumed that the 
plume of a forest fire at 70 ø N spreads around the globe with 
a width of 400 km. Assuming further a uniform deposition 
in this band, atotal emission ofapproximately 108 kg NH• is 
required. This is a few percent of the estimated 3 x 109kg 
NI-Ia emissions from forest fires in the northern hemisphere 
[Hegg etal., 1988], which is not an unrealistically high 
percentage. 
Conclusion 
The comprehensive study of ammonium perturbations 
observed in Greenland snow layers have shown that such 
summer events are characterized by a large increase of 
several organic species and by an absence of nitrate changes. 
This study of the Greenland precipitation suggests that the 
composition of the atmosphere in high northern latitudes 
have been sporadically disturbed by strong inputs originating 
from high latitude forest fires. Such perturbations byone or 
two orders of magnitude in the atmospheric ontent of 
reactive species may have strongly disturbed the 
photochemistry of these high latitudes regions. This study 
also points out the possibility of reconstructing past biomass 
burning events in the northern high latitudes which could 
have been modulated by past climatic onditions. 
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